Our detailed measurements of the movements of kinesin-and dynein-coated latex beads have re vealed several important features of the motors which underlie basic mechanical aspects of the mechanisms of motor movements. Kinesin-coated beads will move along the paths of individual microtubule protofilaments with high fidelity and will pause at 4nm intervals along the microtubule axis under low ATP conditions. In contrast, cytoplas mic dynein-coated beads move laterally across many protofilaments as they travel along the microtubule, without any regular pauses, suggesting that the movements of kinesin-coated beads are not an artefact of the method. These kinesin bead move ments suggest a model for kinesin movement in which the two heads walk along an individual protofilament in a hand-over-hand fashion. A free head would only be able to bind to the next forward tubulin subunit on the protofilament and its binding would pull off the trailing head to start the cycle again. This model is consistent with the observed cooperativity between the heads and with the move ment by single dimeric molecules. Several testable predictions of the model are that kinesin should be able to bind to both alpha and beta tubulin and that the length of the neck region of the molecule should control the off-axis motility. In this article, we describe the technology for measuring nanometerlevel movements and the force generated by the kinesin molecule.
Introduction
Recently, a number of proteins have been purified which are microtubule-activated ATPases and sufficient for invitro motility of microtubules. Two of these proteins, kinesin and cytoplasmic dynein, are believed to be responsible for fast axonal transport of organelles (Vale et al. 1985; Scholey et al. 1985; Lye et al. 1987; Paschal et al. 1987) , with kinesin moving towards the plus-end o f microtubules (anterograde) and cytoplasmic dynein towards the minus-end (retrograde). Both proteins have two globular heads, containing both microtubule-binding and ATPase activities, attached to a rod-like structure (Amos, 1987; Hirokawa et al. 1989; Hisanaga et al. 1989; Scholey et al. 1989; Vallee et al. 1988) , overall reminiscent of myosin structure and flagellar dynein. When using the Journal of Cell Science, Supplement 14, 135-138 (1991) Printed in Great Britain © The Company of Biologists Limited 1991 cloned Drosophila melanogaster kinesin gene (Yang et al. 1989) and genes for various rod-like proteins, protein chimeras demonstrate that the kinesin globular heads are sufficient for heterologous rod-like structures, presumably acting as rigid spacer arms, to move microtubules (Yang et al. 1990) .
Video-enhanced differential interference contrast mi croscopy (VDICM) has been instrumental in identifying microtubule-dependent motors. VDICM can visualize unstained microtubules (Allen et al. 1985) , and allows the initial purification of kinesin by monitoring microtubule gliding on kinesin-coated coverslips (Vale et al. 1985) . A modification of the gliding assay has shown that micro tubules can be translocated by a single molecule of kinesin (Howard et al. 1989) . Furthermore, the position of motorcoated latex beads can be measured with nanometer precision (Gelles et al. 1988 ) from VDICM images. At limiting ATP concentrations, kinesin bead tracks follow single protofilaments of the microtubule and pause at 4 nm intervals, corresponding to the tubulin monomer spacing in the microtubule polymer. Comparable experiments with cytoplasmic dynein beads do not exhibit regular pauses and bead paths move across all accessible protofila ments on the surface of the micro tubule. The contrast between kinesin and cytoplasmic dynein bead motions indicates that the kinesin results are not artifacts of the methodology.
Since kinesin motors travel along single protofilaments with great fidelity and single kinesin molecules can translocate microtubules, kinesin offers technical advan tages over actomyosin in biophysical characterization of single force-generating proteins. However, examining the force of a single or small number of motor molecules requires novel technology. Kishino and Yanagida (1988) and Chaen et al. (1989) used the deflection o f a thin glass needle to measure the force of 30-50 (or more) myosin heads on actin filaments, with either actin filaments or myosin filaments, respectively, attached to the glass needle. Rather than a glass needle, we have used an optical trap ('laser tweezers') to manipulate latex beads attached to microtubules. Optical traps, a recently developed technology, use the intensity gradient of laser light formed from a high numerical aperture lens to capture microscopic particles (Ashkin et al. 1987a) . If nearinfrared laser light (1064 nm from Nd: YAG laser) is used, bacteria and yeast can be trapped and can reproduce for generations in the optical trap (Ashkin et al. 19876) .
Materials and methods

Video microscope and optical trap
Our video microscope and optical trap is based on the Zeiss IM-35 inverted microscope. We use the 1.4 NA condenser and the 63 x /1 .4 Plan-Apo objective from Zeiss for all our video mi croscopy; the amount of extinction is controlled with a quarterwave plate and a rotating analyzing polarizer, as described by Allen et al. (1981) and images are projected with a 6.3xlens onto a Newvicon camera with manual gain and black-level controls (Dage MTI model 70).
Two major modifications have been made to improve the optical qualities of this microscope. First, all film polarizers (polarizer and analyzer) were replaced with birefringent crystal polarizers, which transmit much more light and greater polarization purity. To mount the analyzer crystal and quarter-wave plate, a special holder was constructed to fit into the slot which usually holds the fluorescence dichroic filters. Second, the Zeiss illuminator and condenser tube was replaced with a custom illuminator that uses a fiber-optic scrambler to flatten out the inhomogeneities of the mercury arc lamp, as described by Ellis (1985) . All components, including the microscope, are clamped or bolted to 8-inch thick honeycomb optical table on pneumatic isolators (Newport Corp.).
The schematic diagram for the optical trap is shown in Fig. 1 . The polarized output o f a 1W Nd:YAG laser (CVI Corp) operating in TEMoo mode is directed through an 80 mm focal length achromat doublet lens into the epifluorescence port of the IM-35. The epifluorescence insert was modified, removing the field stop and heat-blocking filter. A half-wave plate mounted in a motorized rotator and a beam-splitting crystal polarizer allows continuous attenuation of the laser illumination during exper iments. A beam splitter on the attenuated beam illuminates a power meter to monitor the instantaneous variations in beam power. Custom video overlay electronics allows recording of the power meter readings onto the video image. All transmittive optics of the laser trap external to the microscope have been dielectric-coated to minimize laser light reflection.
Calibration o f optical trap
The maximum retention force of the laser optical trap was calibrated by holding latex spheres stationary against the viscous flow of aqueous solution through a miniature flow cell. The flow cell (Berg and Block, 1984) exhibits laminar flow in the area of observation, and the force o f viscous drag is simply Stokes law for a sphere: F=6jirjrv, where r is the radius of the sphere, v the velocity of fluid flow, and r] the viscosity o f the medium. The fluid viscosity was determined using an Ostwald viscometer, and the fluid velocity was determined using video microscopy to track the 
Computational equipment
Although we have developed the software to perform positional measurements on a number of computers and image processors, our current system is the most affordable and has the widest applicability for other researchers. This configuration uses a Zenith Z386/25 computer and the Series 151 Image Processor from Imaging Technology, Inc. The minimum necessary configur ation o f the Series 151 Image Processor includes the ADI, FB, ALU, and BTM boards in the enclosure box. Video images are stored in the Panasonic Optical Memory Disk Recorder (OMDR, model TQ20285F) which is controlled by the computer via an RS-232 serial line. For applications that do not require full nanometer precision, adequate images can be stored on a super VHS videocassette recorder (Panasonic Model AG7300), but a customized controller must be built to allow computer control of the VCR for frame-by-frame analysis. With either recording medium, a time-base corrector, such as the Fortel model DHP-525S, cleans up video image timing signals prior to digitization by the image processor.
Cross-correlation analysis o f particle position
Motion of an object in the microscope field can be reconstructed from sequential positional measurements of the diffraction image of the object. We use the cross-correlation algorithm to try to maximize the amount of positional information extracted from the bead image. Intuitively, the cross-correlation algorithm can be considered a process of finding the best match of a template image, called the kernel, in the image area. As the kernel is slid across the image area, the cross-correlation calculation yields a measure of the degree of similarity of the kernel and the portion of the image that it overlaps. Since the image and the kernel are digital, the point of best alignment is extrapolated by weighted averaging (centroid) of the cross-correlation values around the cross-correlation peak. The complete algorithm and equations have been described elsewhere (Gelles et al. 1988 ).
Factors affecting m easurem ents
Optical factors
The general optical limitations in microscopy have been covered in other texts (e.g. text by Inoué, 1986). Practical aspects o f microscopy can clearly affect the precision and accuracy o f positional calculations.
Optical surfaces. The microscope should be adjusted for the best images possible. A ll optical surfaces should be clean; we use m any passages with lint-free cotton swabs made from long-fiber surgical cotton dipped into 70:20:10 ether:acetone:methanol to clean lenses. The camera is most sensitive to smudges on the projection lens.
Condenser adjustment. Though often neglected, re adjusting the condenser for every sample is extremely im portant for best microscope performance. The condenser should be adjusted for Koehler illum ination, and the im age o f the field diaphragm moved or adjusted in size to achieve the most homogeneous illum ination across the video camera face plate.
Camera alignment. Even with the best objectives, there will be 'pincushion' or 'barrel distortion' effects. These distortions are least in the center o f the field o f view, so the camera should be centered.
Mechanical factors
Since our tracking algorithm relies on fiducial markers to provide an internal frame o f reference, it is relatively insensitive to low frequency, small amplitude vibrations. As discussed later, optical and electronic considerations have greater effects on the precision o f positional measurements. However, the position o f the laser trap would vary with respect to the sample under mechanical stress, so we try to minimize mechanical flexibility o f the apparatus. We use a stiff optical table (see above) to mount the microscope, laser, laser optics and camera. The microscope is clamped to the table, and the camera is mounted on a small table supported by four stainless steel 6 x 0 .56 inch rods, arranged to minimize the compliance o f the small camera table. Sim ilar considerations were used to m ount the laser and laser optics. Finally, the whole apparatus is used at thermal equilibrium to minimize variations o f focus and field o f view during the recording session.
Electronic factors
Camera. Since we operate our video-enhanced DIC microscope optimized for best contrast o f microtubules, there is a large amount o f background light. Therefore a video camera with a good dynamic range, specifically good linearity o f response even with large amounts o f light, is needed. Appropriate cameras and factors in choosing cameras have been discussed elsewhere (e.g. Inoue, 1986) .
Timing and digitization. The biggest problems we encountered with recorded images (both OMDR and sVHS) are pixel jitter and poor synchronization pulses in the video signal. The time-base corrector restores clean synchronization pulses, but the specification for standard RS-170 video allows a maximum 190 ns variation in H-sync pulse tim ing, which translates to almost two full pixels in the x direction, or 90 nm, typically. Commercial video equipment is rarely this bad and repeatability is more important, but cascading such equipment could accumulate noticeable tim ing variations. W ith tim ing variations on the order o f h a lf a pixel, we try to minimize its effects by using the video digitizer to average 256 video frames o f the same frame from the OMDR prior to positional calculations.
Characteristics o f sample and particles
Both the centroid and cross-correlation methods assume that the shape o f the particle im age remains constant throughout the tracking period. The image shape may change if the particle is asymmetric and rotates, or i f the particle goes out o f focus. To reduce changes in focus, we use a microscope with stable focus and samples at thermal equilibrium with the microscope. For in vitro work, we try to choose cells that are flat, extended, and well adhered to the substratum.
A final factor that affects the tracking algorithms is the image quality o f the background. Hom ogeneous illum i nation helps (e.g. fiber-optic illuminator), but more lim iting are the optical qualities o f the sample. A very particulate or textured background makes it very difficult to distinguish particles from the background. Also the density o f particles should be low enough that particles are well separated, allowing us to measure the movement o f a single isolated object with high precision.
Although the laser trap can manipulate various cellular structures, including whole cells, organelles, chrom o somes and even patches o f plasma membranes, the force o f the trap on these structures is difficult to calibrate because o f their irregular and deformable shapes. We prefer to use artificial particles, such as latex spheres, for force measurements. Even with these particles, the optical quality o f the sample can interfere; in aqueous buffer alone, there is a maximum working depth to which the laser trap will hold particles. Although we are unsure o f the mechanism for this lim itation, all our calibrations are performed close to the coverslip surface.
A pplications
Nanometer-precision analysis o f kinesin movements
Kinesin-coated latex beads will move unidirectionally along microtubules; in lim iting concentrations o f ATP (2.5 fm ), periods o f both smooth and discontinuous m ove ments can be seen. As shown in Fig. 2 , region A shows smooth translocation with a m ean velocity o f 5 .6 n m s " 1. M ovement in region B occurs in four discrete jumps (arrows) o f length 3 .7 ± 1 .7 nm. The inset o f Fig. 2 shows the inter-point spacing o f the bead position, enhancing the 4 nm spacing o f the pauses in translocation.
C onclusions and future directions
The confluence o f video microscopy and optical trapping promises to be very fruitful. Our image processing algorithms can follow m ovements in the DIC video microscope with almost nanom eter precision; the laser trap provides an extremely fine, and calibratable, micro manipulator. We have done our initial force and tracking measurements on kinesin, but applications to cytoplasmic dynein are obvious. Other force generating systems, such as actomyosin or nucleotide polym erization reactions, are being considered, but more developm ent is needed to improve in vitro motility. Compared to mechanical micromanipulators, the optical trap offers a distinct advantage that when the particle is released, it is free to diffuse unhindered and undamaged. This makes the technology particularly attractive for studies o f the dynamic conversion between active transport and dif fusion o f individual mem brane proteins tagged with submicron particles. I f precise, quantitative m easure ments are not required, a whole host o f applications could make use o f these technologies. We suspect that optical traps will become quite comm onplace in the near future.
